The harvesting of ambient radio-frequency (RF) energy is an attractive and clean way to realize the idea of self-powered electronics. Here we present a design for a microwave energy harvester based on a nanoscale spintronic diode (NSD). This diode contains a magnetic tunnel junction with a canted magnetization of the free layer, and can convert RF energy over the frequency range from 100 MHz to 1.2 GHz into DC electric voltage. An attractive property of the developed NSD is the generation of an almost constant DC voltage in a wide range of frequencies of the external RF signals. We further show that the developed NSD provides sufficient DC voltage to power a low-power nanodevice -a black phosphorus photosensor. Our results demonstrate that the developed NSD could pave the way for using spintronic detectors as building blocks for self-powered nano-systems, such as implantable biomedical devices, wireless sensors, and portable electronics.
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as thermoelectric power generators 10, 11 . In particular, it has recently been shown theoretically, that spintronic diodes could also play the role of RF energy harvesters 3, 12 . Below, we report the development of a bias-free nanoscale spintronic diode (NSD) based on a magnetic tunnel junction (MTJ) having a canted magnetization in the free layer, and demonstrate that this NSD could be an efficient harvester of broadband ambient RF radiation capable of powering a low-power semiconductor nanodevice -a black phosphorus photo-sensor.
The operational principle of NSDs used as electromagnetic energy harvesters is illustrated in Fig. 1a . Typically, a weak ac current will be spin-polarized as it passes through a fixed magnetic layer and enters the free layer of a MTJ. This spin-polarized current excites a small-amplitude magnetization precession (Fig. 1a , trajectory in red) which then creates a rectification voltage V DC across the MTJ that is highest near the ferromagnetic resonance (FMR) frequency 9, [13] [14] [15] [16] [17] . Large sensitivities were observed under application of a DC voltage and/or external magnetic field.
However, this requires energies larger than the ones harvested 18, 19 . Moreover, broadband detection is essential for energy harvesting from ambient RF and microwave energy sources since their exact frequencies are, generally, unknown. Thus, resonant spintronic diodes are not suitable for RF energy harvesting. The novel MTJ design in this study exhibits large-amplitude magnetization precession (Fig. 1a , trajectory in blue) excited by a microwave current that is relatively weak, which allows one to substantially increase the rectification voltage V DC over a broadband frequency range. This result is accomplished by fine-tuning the magnetic anisotropy 20, 21 to create a free layer with the equilibrium magnetization directed along an oblique easy axis. Experimental data and micromagnetic simulations reveal that this oblique design is the key ingredient that enables the excitation of a large-amplitude magnetization precession without bias current and without bias magnetic field, over a broad frequency range and at room temperature, hence allowing to accumulate energy from external signals of several different frequencies acting 4 simultaneously, and thereby delivering output power levels relevant for energy harvesting scenarios.
Results
NSD device. The NSD energy harvester based on an MTJ was fabricated with a continuous multilayer thin film stack composed of PtMn (15) All data were gathered at room temperature.
We first characterized the resistance of the NSD as a function of the magnetic field applied parallel to the ellipse major axis (H∥) or perpendicular to the sample plane (H⊥) (see one example 5 in Supplementary Fig. 1 ), which confirms that a perpendicular anisotropy exists in the free layer, while the gradual approach to saturation for both field directions indicates the free-layer magnetization has a canted equilibrium state in the absence of an external field. For the device presented here, the tunnel magnetoresistance (TMR) ratio, defined as (R AP -R P )/R P , is 93%, and the equilibrium angle (θ) at zero bias field is estimated to be 53 o , calculated from the field scans of the magnetoresistance as
where the resistances in the parallel (R P ) and antiparallel (R AP ) configurations are 640 Ω and 1236 Ω, respectively.
Rectifying properties. Next, we measured the rectified voltage with an RF current in the absence of an applied magnetic field. As shown in (Fig. 2a) . The line-shape associated with this peak in voltage can be fitted by a sum of symmetric and anti-symmetric Lorentzian functions, as discussed in previous studies [14] [15] [16] 26, 27 . The origin of the asymmetric line shape is related to the voltage-controlled interfacial perpendicular magnetic anisotropy (VCMA) effect 16 .
b. Broadband energy harvesting: For larger input RF power, a novel type of broadband response is achieved. Figure 2b displays an example with a RF input power of P RF = 10 μW,
showing that the NSD rectifies a nearly constant voltage across a 100 to 550 MHz range.
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Other fabricated NSDs showed qualitatively similar results with different bandwidths and output voltages, with the widest harvesting RF energy across a 1.2 GHz bandwidth (Supplementary Fig. 2 and Supplementary Note 1).
The transition from resonant detection to broadband energy harvesting can be understood in terms of the evolution of the precession orbit 12 . At low P RF , a small-amplitude magnetization precession is excited where the magnetization oscillates in a circular trajectory as shown in Fig. 2c (or Supplementary Video 1). When P RF is sufficiently large, the free layer oscillation becomes a large-amplitude magnetization precession (Fig. 2d , or Supplementary Video 2), and as such results in a large rectified voltage. In the broadband region, a change of input frequency does not change the magnetization precession amplitude in the x direction, and thus the rectification voltage remains nearly independent of the input frequency (Fig. 2b) . Similarly, the rectification voltages are approximately independent of the P RF value after it exceeds a threshold 12 , because the xcomponent of the magnetization oscillates near the maximum amplitude (see the projection in the x-y plane in Fig. 2d ), whereas additional input power is then converted to the excitation of higher non-linear modes and does not contribute to the rectified voltage. Figure 3 shows the experimental performance of the device at two frequencies, 250 MHz and 500 MHz, with input RF power varied across a considerable energy range. It is evident that when the input power is above a threshold of about 2 µW, the non-resonant character is achieved and the generated voltages are almost constant for all the measured values of P RF . This behaviour differs qualitatively from the resonant detection in spintronic diodes 9, 16, 18, 19 , where the generated voltage is strongly reduced when the incoming RF power is reduced. The experimentally observed behavior is well reproduced by micro-magnetic computations, shown in Fig. 3 . It is worth noting that Jenkins A. et al 28 reported analogous behavior in spin-torque resonant expulsion of the vortex core under a large DC bias and magnetic field. While their scheme could be used as a tunable 7 microwave detector, the very large power input required for biasing makes it not suitable for energy harvesting. Thus, in the broadband scheme, the NSD operates as a non-resonant broadband microwave energy harvester for low-frequency RF signals.
Advantage of broadband detection for Energy harvesting. Last, we have performed measurements to demonstrate that an individual NSD nanogenerator can work as a power source for a real world circuit. Figure 4a shows the measurement configuration. The NSD energy harvester is connected to the drain of a high-performance few-layer black phosphorus (BP) nanodevice, chosen for its low power operating capability 29, 30 . Furthermore, we consider an example of how an NSD can be used as a power supply for a BP device acting as a photo-sensor. The NSD provides bias voltage while the BP acts as a sensor of photons, and can be triggered by a typical light source. Figure 4e shows the response of this BP sensor to a modulated light when the sensor is biased by a voltage of 100 μV, produced by the NSD that is harvesting the Radiophone RF energy: when the light turns on, the BP enters the onstate, and the resistance drops, allowing I ds to increase to 5 nA. When the light turns off, the BP enters the off-state and the resistance increases, lowering I ds to 1 nA. This phenomenon is consistent with a previous report on BP photo-detection 31 . These experimental data prove that an NSD harvesting ambient RF signals can be used to bias nanodevices, thus opening a path for a possible implementation of various applications of self-powered devices.
Discussion
The conversion efficiency is one of the key parameters to characterize the performance of the energy harvester for practical applications 32 . The overall conversion efficiency is determined by a combination of several factors: the matching efficiency, the parasitic component efficiency, the RF-to-DC conversion efficiency and the DC power transfer efficiency 3 . For an RF diode, it is reasonable to use the RF-to-DC conversion efficiency η C as the most relevant figure of merit, since the other parameters primarily relate to the circuit and component design rather than the underlying physics of energy conversion. The RF-to-DC conversion efficiency η C is defined as the generated DC power (P DC ) divided by the input RF power (P RF ), in which P DC ≈ 2 DC V /R MTJ , where R MTJ (708 Ω in this study) is the zero-bias resistance of the spintronic diode at zero magnetic field.
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For an input power of P RF = 3.2 μW, the spintronic diode measured in this work has an efficiency of 0.005%. This value is small compared to the low-barrier Schottky diodes with low-power capability 33 
where m and p m are the normalized magnetizations of the free and pinned layer respectively, g is the gyromagnetic splitting factor, 0  is the gyromagnetic ratio, B  is the Bohr magneton, () qV is the voltage-dependent parameter for the perpendicular torque, J is the current density, V is the voltage, t is the thickness of the free layer, and e is the electron charge. p m is considered fixed along -x direction. The effective field takes into account the standard micromagnetic contributions (exchange, self-magnetostatic) as well as the dipolar coupling from the pinned layer, the Oersted field due to both microwave and d.c. current and both first and second order PMA (Fig. 3) .
The theoretically estimated efficiency of broadband spintronic diode was adapted from Ref. (1) in Supplementary Ref. 4 and a linear fit to the data (red line).
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Supplementary Note 1. Experimental data from additional devices with canted free layer
Here we present experimental data from the additional devices with canted free layer,
showing that the broad-band behavior is robust. The devices (#S1, #S2 and #S3) whose data are presented below are fabricated on the same substrate as the device discussed in the main text.
The junction resistance was measured as a function of the in-plane and out-of-plane applied magnetic field ( Supplementary Fig. 2a, c and e) . All those data confirms that a perpendicular anisotropy exists in the free layer, while the gradual approach to saturation for both field directions indicates the free-layer magnetization has a canted equilibrium state at zero bias field.
The equilibrium angles (θ) for S1, S2 and S3 at zero bias field are estimated to be 47 respectively. It can be seen that all devices exhibit broad-band frequency response, similar to that discussed in the main text. These results confirm that the oblique design enables to achieve a broad-band frequency response at room temperature without bias magnetic field, which could be an efficient harvester of broadband ambient RF radiation.
Supplementary Note 2. Estimation of the conversion efficiency for the spintronic diode and

Schottky diodes
We have performed an experiment to estimate the energy harvesting efficiency of Schottky diodes for comparison. The measurement setup is the same as the one that was previously used for spintronic diode measurements. We replaced our spintronic diode with Schottky diode. In our experiment, two types of Schottky diodes with lowest zero-bias resistances (SMS7630, manufactured by "Skyworks", and HSMS2850, manufactured by "Avago") were used.
Supplementary Figure 3a displays the I-V curve of one typical SMS7630 Schottky diode. As it is emphasized by the differential junction resistance plotted in insets in Supplementary Fig. 3a , the SMS7630 diode has a zero-bias resistance (ZBR) of 5119 Ω. Supplementary Figure 3b 2) Optimizing the magnetic stack of the spintronic diode to enhance the TMR effect.
In the presented spintronic diode, the TMR ratio is 93%, which promises a high potential for improvement in the future. 3) In addition, the sensitivity could be enhanced by optimizing the nonlinearity of the MTJ characteristics 9 , or by taking advantage of the easy plane anisotropy as predicted by micromagnetic simulations that we have performed.
Our previous work exhibiting a resonant ferromagnetic resonance rectifying behavior reported a larger sensitivity of about 1000 mV/mW at zero DC bias 2 . At ferromagnetic resonance, the efficiency is significantly enhanced, which is comparable to those in the Schottky diodes as shown in Supplementary Fig. 5 (please see the olive stars). For example, at P RF = 3.2 μW, the spintronic diode has an efficiency of 0.1%, which is close to that HSMS2850 Schottky diodes.
Therefore, following the projection of theoretical work 3 , the spintronic diodes with optimized structures (e.g. large TMR ratio) are expected to have better efficiency than that in the current Schottky diodes.
Supplementary Note 3. Estimation of the perpendicular magnetic anisotropy (PMA) field
In order to evaluate the PMA in the magnetic tunnel junction (MTJ), we performed the spin- 
